Introduction
The genome organization of Tomato aspermy virus (TAV) is identical to Cucumber mosaic virus (CMV), the type member of the Cucumovirus genus (Hull, 2013) . TAV has a tripartite messengersense RNA genome and is divided among three species, RNAs 1 (3410 nt), 2 (3070 nt) and 3 (2386 nt) (Hull, 2013) . Genomic RNAs 1 and 2 encode non-structural replicase proteins p1a and p2a respectively (Palukaitis and Garcia-Arenal, 2003) . The two gene products, movement protein (MP) and capsid protein (CP), encoded by dicistronic RNA 3 are dispensable for replication, but are required for cell-to-cell and long distance movement (Palukaitis and GarciaArenal, 2003) . Although MP is translated directly from the genomic RNA3, CP is translated from subgenomic RNA4 transcribed from progeny minus-sense RNA3 (Boccard and Baulcombe, 1993; O'Reilly et al., 1991) . In addition to the three genomic RNAs and subgenomic RNA4, three additional RNA species are found associated with TAV infections (Shi et al., 1997a) . These are RNA4A (702 nt), RNA3B (486 nt) and RNA5 (323 nt). RNA4A, which is also found in CMV infection (Ding et al., 1994 ) is a subgenomic RNA generated from the 3 0 end of genomic RNA2 and encodes a 2b protein (Shi et al., 1997a) . Protein 2b is the designated suppressor of RNA silencing (Li et al., 1999) and also play a role in cell-to-cell and systemic movement of cucumoviruses as well as in symptom induction (Ding et al., 1995) . RNA3B and RNA5 were characterized to be subgenomic RNAs derived from genomic RNA3 (Shi et al., 1997a) . RNA3B is unique to TAV while RNA5 is produced and packaged by CMV strains of subgroup II, but not subgroup I (Palukaitis and Garcia-Arenal, 2003) . Although the biological significance of RNA3B is unknown (Shi et al., 1997a) , recent genetic studies performed with RNA5 of CMV revealed that it is not a subgenomic RNA since it is produced by replicationindependent manner and plays an important role in recombination (de Wispelaere and Rao, 2009) . It remains to be determined whether the mechanism of RNA5 generation in TAV is analogous to that of CMV.
In addition to genomic and subgenomic RNAs, under natural conditions, a low molecular weight RNA referred to as satellite (satRNA) has been found to be associated with several strains of CMV (Hu et al., 2009) but not with TAV (Moriones et al., 1992) . However, under experimental conditions, TAV is capable of acting as a helper virus (HV) for the replication of satRNAs of CMV albeit at a reduced level (Mossop and Francki, 1979a) . Despite functioning as a HV, unlike CMV, TAV failed to repair the mutated 3 0 end of the satRNA, suggesting that the repair was replicase-specific (Burgyan and Garcia-Arenal, 1998) . A direct comparison of the extent of 3 0 end repair of a satRNA of CMV strain Q (Qsat) by mechanical inoculation vs agroinfiltration revealed that the latter approach is more efficient in extending the 3 0 repair (up to 3 0 18 nt vs 7 nt) because of its inherent ability to express the required constellation of viral components to initiate replication and repair in the same cell (Kwon et al., 2014) . Therefore, we hypothesize the lack of 3 0 end repair in satRNA mutants by TAV in a previous study (Burgyan and Garcia-Arenal, 1998 ) is due to mechanical inoculation that limits co-expression of TAV and satRNA in the same cell. Consequently, in this study, we sought to examine whether TAV replicase would promote repair of deleted nucleotides (nt) from the 3 0 proximal region of Qsat if TAV and Qsat 3 0 proximal deletion mutants were co-expressed by agroinfiltration in the same cell. The results of this study demonstrate that while functioning as a HV, TAV replicase undeniably repairs the engineered 3 0 proximal deletions of Qsat although the extent of the 3 0 ends repair and nt added varied with that of CMV. However, interestingly, the secondary structural features of repairing Qsat progeny resulting from TAV replicase vs CMV replicase are indistinguishable.
Results

Characteristic features and biological activity of TAV agrotransformants
The strategy used to construct the T-DNA based agrotransformant of each TAV genomic RNA into pCASS4-RZ is described under methods and schematically shown in Fig. 1 . As a result of these cloning manipulations, following agroinfiltration into plant cells, the cauliflower mosaic virus 35S promoter would precisely initiate transcription at the authentic 5 0 end of pTAV1 (pT1), pTAV 2 (pT2) and pTAV 3 (pT3) (Fig. 1) . The 3 0 end of each de novo synthesized RNA transcripts will terminate with þ 22-nt extensions beyond the natural 3 0 CCA OH due to the presence of a self-cleaving ribozyme (Fig. 1) .
Nicotiana glutinosa is the preferred host for the maintenance and propagation of TAV (Habili and Francki, 1974) . In this host, TAV induces severe mottling symptoms (Shi et al., 1997b) . However, N. glutinosa is not amenable for agroinfiltration. Nicotiana benthamiana, an amenable host for agroinfiltration, has been reported to be a susceptible host for TAV (Asaoka et al., 2010; Masuta et al., 1998; Suzuki et al., 2003) . In this host, unlike QCMV, as reported previously (Masuta et al., 1998) , TAV induced severe mosaic symptoms ( Fig. 2A) . Therefore, to test the biological activity of TAV agrotransformants, leaves of N. benthamiana plants were infiltrated with either individual or a mixture of either two or three agrotransformants. At 5 dpi, total RNA and CP was isolated and respectively subjected to Northern and Western blot analysis. Results are shown in Fig. 2B-D. As expected, accumulation of detectable levels of (þ) and (À )-strand progeny RNA profile characteristic of TAV (Shi et al., 1997a) was observed in leaves infiltrated with either pT1þpT2 or pT1þpT2þpT3 but not with pT1 or pT2 or pT3 ( Fig. 2B and C) . It is important to note that, as observed previously with QCMV (de Wispelaere and Rao, 2009) , in the absence of RNA3, the replication levels of T1þT2 are higher than those in the presence of RNA3 (Fig. 2B, compare lanes 4 and 6) . This is because viral replicase is available exclusively for amplifying T1 and T2 only. Western blot analysis detected the expected size of monomeric (1 Â ) and dimeric (2 Â ) forms of the CP in leaves infiltrated with a mixture containing pT1þpT2þpT3 but not with other inocula (Fig. 2D) . The generation of faster-migrating bands could be due to the cleavage of the monomeric form (Fig. 2D) . Furthermore, symptom phenotype induced by a mixture containing all three TAV agrotransformants was indistinguishable from plants mechanically inoculated with purified TAV virions ( Fig. 2A) . Electron microscopic analysis of TAV virions purified from agroinfiltrated leaves revealed the presence of icosahedral virions of 28 nm in diameter (Fig. 2E ).
An interesting profile was observed when total and virion RNAs in N. benthamiana and N. glutinosa infected with TAV was comparatively analyzed by Northern blot hybridization (Fig. 2F) . A profile characteristic of TAV was observed in total RNA preparations from N. benthamiana and N. glutinosa and contained three genomic (RNAs 1, 2 and 3) and four subgenomic RNAs (RNAs 4, 4A, 3B and 5) (Fig. 2F , lane 1 in each panel). Among these four subgenomic RNAs, as reported previously (Shi et al., 1997a) , the accumulation level of RNA4A is significantly less than others. Interestingly, although virions purified from N. glutinosa contained all three genomic and four subgenomic RNAs, those purified from N. benthamiana packaged only three genomic and a subgenomic RNA4 while packaging of subgenomic RNAs 4A, 3B and 5 is severely debilitated (Fig. 2F , lane 2 in each panel). The reasons for this host-specific packaging phenotype are currently not known. 
Replication of Qsat RNA by TAV agrotransformants
Although satRNAs are never found to be associated with TAV, under experimental conditions satRNAs associated with CMV are amplified by TAV albeit at reduced levels compared to amplification by homologous CMV strains (Mossop and Francki, 1979b) . To test the relative replication levels of Qsat by CMV vs TAV in mechanically inoculated and agroinfiltrated plants the following experiment was done. N. benthamiana plants were mechanically inoculated with Qsat and either CMV or TAV as described under methods. For infiltration, inocula containing agrotransformants of Qsat and those of either CMV RNA or TAV RNA were assembled. At 4 dpi, total RNA was isolated and subjected to Northern blot hybridization using riboprobes specific for Qsat. Results are shown in Fig. 3A and B. Consistent with previous reports (Moriones et al., 1992; Mossop and Francki, 1979a) , in both mechanically inoculated and agroinfiltrated plants the accumulation of Qsat by TAV was significantly lower ( o10%) than by CMV (Fig. 3B , lanes 3 and 4).
Absence of Qsat multimers
Interestingly, although CMV and TAV function as HVs to replicate Qsat at varying levels ( Fig. 3B ), a prominent distinguishing feature is the dimer formation. For example, efficient formation and accumulation of satRNA multimers was consistently observed in the presence of CMV (Kuroda et al., 1997; Kwon et al., 2014) . However, despite detectable levels of Qsat replication and accumulation in the presence of TAV, no evidence for multimer formation was obtained even after prolonged exposure of the Northern blot shown in Fig the absence of Qsat multimers in the presence of TAV are considered under discussion.
Repair of Qsat 3
0 end deletion mutants by TAV replicase
An early study performed using mechanical inoculation of RNA transcripts reported that deletion of up to 7 nt of the 3 0 proximal region of a CMV satRNA was repaired by the homologous (i.e. CMV) but not the heterologous (i.e. TAV) replicase (Burgyan and Garcia-Arenal, 1998) . However, application of agroinfiltration as a delivery method revealed that the CMV replicase is competent to extend 3 0 proximal repair up to 18 nt (Kwon et al., 2014) . Therefore, to verify whether agroinfiltration would manifest the 3 0 repair of Qsat by TAV replicase, agrotransformants of six 3 0 deletion mutants of a Qsat (i.e. QsatΔ3, QsatΔ7, QsatΔ9, QsatΔ13, QsatΔ18, QsatΔ23) (Kwon et al., 2014) were co-infiltrated with agrotransformants of three wild type (wt) genome components of TAV into N. benthamiana. The following two sets of experiments served as appropriate controls. In the first set of control, N. benthamiana plants were infiltrated with an inoculum containing a mixture of agrotransformants of wt Qsat and either the threegenome components of QCMV or TAV. In the second set of controls, above-mentioned inocula were assembled using in vitro transcripts and mechanically inoculated to N. benthamiana plants.
All experimental plants were held in the greenhouse for symptom expression and Qsat progeny analysis.
In mechanically inoculated plants, symptom phenotypes induced by TAV or TAV and Qsat wt or any of the six deletion mutants were indistinguishable (eg. Fig. 2A ). Absence of any detectable progeny RNA corresponding to those six Qsat deletion mutants co-expressed with TAV (see Fig. 3A , lanes 5-10) suggested that, unlike with CMV (Burgyan and Garcia-Arenal, 1998; Kwon et al., 2014) , TAV replicase failed to repair any of the deleted 3 0 proximal nt. However, co-expression of each Qsat deletion mutant and TAV via agroinfiltration revealed a contrasting scenario. With respect to symptom phenotypes, plants infiltrated with TAV and four of the six Qsat deletion mutants started showing visible systemic mosaic symptoms from 7 dpi. By 15 dpi, symptom phenotypes induced by QsatΔ3 were indistinguishable from those infected with TAV only (compare Figs. 2A and 4B ) while systemic leaves of plants infected with either QsatΔ7 or QsatΔ9 or QsatΔ13 showed severe mottling and distortion ( Fig. 4C-E) . No such symptom severity was observed with either QsatΔ18 or QsatΔ23 co-infiltrated with TAV (Fig. 4F) ; these symptoms were indistinguishable from those of TAV with Qsat wt (compare Fig. 4B  and F) .
Since the manifestation of these visible symptoms is indicative of replication resulting from 3 0 end repair, RNA progeny was isolated from infiltrated leaves at 4 dpi and un-infiltrated symptomatic leaves at 15 dpi and subjected to Northern blot analysis. Results are shown in Fig. 3B and C. At 4 dpi, among six deletion mutants, prolonged exposure of the blot detected progeny accumulation only for QsatΔ3 (about 11% relative to Qsat in the presence of CMV) but not for others (Fig. 3B, lanes 5-10) . Whereas the upper systemically infected leaves at 15 dpi revealed the presence of Qsat progeny for four of the six mutants (i.e. QsatΔ3, QsatΔ7 QsatΔ9 and QsatΔ 1 ; Fig. 3C, lanes 5-8) . In these systemic leaves, the relative accumulation levels mutant progeny was not significantly different from each other and ranged between 14% and 20% (Fig. 3C, lanes 3 and 4) . No progeny was detected in plants infiltrated with QsatΔ18 or QsatΔ23 (Fig. 3C, lanes 9 and 10) .
To verify the extent of repair that occurred in each case, mutant progeny from infiltrated local leaves (at 4 dpi, Fig. 3B ) and uninfiltrated systemic leaves (at 15 dpi, Fig. 3C ) were gel-purified, cloned following RT-PCR and sequenced. Sequencing results are summarized in Table 1 . Progeny sequence of QsatΔ3 recovered from local and symptomatic systemic leaves revealed that 100% of the progeny (10/10 clones sequenced) had restored the deleted wt 3 0 CCC OH sequence (Table 1) . No evidence for the alteration of bases other than the deleted nt was observed. By contrast, sequencing of the progeny recovered from symptomatic systemic leaves for mutants QsatΔ7, QsatΔ9 and QsatΔ13 revealed that, despite a majority of the sequences that terminated in either CCC OH or CCOH , the end repair process had resulted in the addition of nt that are different from wt (Table 1) . For example, the QsatΔ7 progeny has been shortened by two nt since only five of the seven deleted nt have been restored (Table 1 (Table 1 ). Similar analysis revealed that 70% and 60% of the progeny respectively in QsatΔ9 and QsatΔ13 had wt sequence while the remaining progeny exhibited sequence heterogeneity in the repaired sequence (Table 1) . Since a single nucleotide changes have been shown to modify symptom phenotypes in satRNAs of CMV (Sleat and Palukaitis, 1992) , the detected sequence heterogeneity in the repaired population of QsatΔ7, QsatΔ9 and QsatΔ13 could be responsible for the manifestation of the symptom severity ( Fig. 4C-E ).
Discussion
The rationale for the work presented here is two fold. First, using mechanical inoculation, an earlier report demonstrated that the replicase of the homologous CMV, but not that of heterologous TAV control the 3 0 end repair of a satRNA (Burgyan and GarciaArenal, 1998) . Second, by contrast to mechanical inoculation where the repair was restricted to the 3 0 -most-7 nt (Burgyan and GarciaArenal, 1998) , it was shown that co-expression of HV replicase and a series of Qsat deletion mutants by agroinfiltration provides an environment that can extend the repair up to 3 0 -most 18 nt (Kwon et al., 2014) . It was reasoned that, in mechanical inoculation, the inherent limitation of number of cells receiving the required constellation of viral components to initiate replication restricted the extent of the 3 0 end repair. Therefore, in this study, we sought to examine whether TAV replicase would promote the 3 0 end repair of Qsat if the inocula were delivered by agroinfiltration. Indeed, it was the case since we found that heterologous TAV replicase is competent to repair Qsat 3 0 -most 13 nt but not beyond. We also observed that although the repair process by TAV replicase involved the additions of heterologous nt, the restored 3 0 secondary structures are analogous to those observed for CMV replicase.
Replication phenotype of Qsat with CMV vs TAV as HVs
The literature is replete with reports evaluating a wide range of CMV strains functioning in as HVs for the replication of satRNAs (Hu et al., 2009; Jacquemond, 2012; Palukaitis and Garcia-Arenal, 2003) as well as TAV as HVs (Burgyan and Garcia-Arenal, 1998; Moriones et al., 1992; Mossop and Francki, 1979a) . In this study, a side-by-side comparison of Qsat replication and accumulation by CMV and TAV as HVs revealed two important phenotypes. First, a comparative quantitative analysis of Qsat accumulation of TAV relative to CMV was o10% in both mechanical and agroinfiltrated leaves ( Fig. 3A and B) . A second hallmark feature of satRNA replication is the formation of multimers in the presence of CMV (Kuroda et al., 1997; Kwon et al., 2014; Seo et al., 2013) . However, no such multimer formation for Qsat was observed when TAV was functioning as HV ( Fig. 3B and D) . The absence of multimers is not due to low level of replication by TAV since Qsat mutants replicated by CMV as low as 10% did produce multimers (Kwon et al., 2014) . A hypothetical model comparing efficient synthesis of monomeric and dimeric forms of Qsat driven by the CMV as HV and inefficient accumulation of monomers and absence of multimers when Qsat is driven by TAV as HV is shown in Fig. 5 . We previously demonstrated (Choi et al., 2012 ) that in the absence of HV, Qsat has a propensity to localize in the nucleus and generate multimers of the Class 2 type that are characterized by a template independent polymerization of a hepta nucleotide motif (HNM; GGGAAAA) at the junction of head-to-tail repeats. While evaluating the significance of the HNM, it was observed that Class 2 multimers of (À )-strand polarity generated in the absence of HV are the preferred templates for HV-driven replication (Seo et al., 2013) . Consequently, it was hypothesized that HNM plays a regulatory role in CMV-driven Qsat replication, more significantly in the synthesis of monomeric and dimeric (þ)-strands from Class 2 (À )-strand multimeric templates (Seo et al., 2013) (Fig. 5A) . The hypothetical model shown in Fig. 5B explains for the inefficient synthesis of (þ )-strand monomers and absence of dimeric forms. According to this model (Fig. 5) , unlike CMV-driven replication (Fig. 5A) , TAVdriven replication is either terminated at (Fig. 5Bi) or incapable of by passing the cHNM junction (Fig. 5Bii) . This perhaps explains, compared to CMV-driven replication, why TAV-driven replication failed to synthesize copious amounts of monomeric and dimeric forms.
TAV-driven 3
0 end repair of Qsat
In contrast to a previous report (Burgyan and Garcia-Arenal, 1998) our results show that the deletions engineered into the 3 0 end of Qsat are repaired by TAV replicase (Fig. 3B and C) . We attribute the difference is largely due to the method used to deliver the inoculum. For example, mechanical inoculation limits the number of cells receiving all four components of the inoculum (i.e. three genomic RNAs of TAV and either wt or mutant Qsat) to initiate replication. Since the relative stability of Qsat mutants vary depending on the extent of engineered deletions (Kwon et al., 2014) and the fact that TAV is not an efficient HV compared to CMV (Fig. 3B and C) , it is imperative that all Qsat mutants and the three genomic components of TAV must co-localize to the same cell to initiate immediate 3 0 end repair. With respect to the 3 0 end repair per se, the inherent inefficient HV trait of TAV is reflected in the 3 0 end repair process, specifically in 4 dpi samples. For example, a comparison of 3 0 end repair of Qsat driven by CMV-vs TAV-replicase revealed that by 4 dpi, CMVreplicase is competent to repair five of the six 3
0 end deletions of Qsat tested (i.e. QsatΔ3, QsatΔ7, QsatΔ9, QsatΔ13 and QsatΔ18) (Kwon et al., 2014) whereas TAV-replicase repaired only QsatΔ3 (Fig. 3B) . However, analysis of samples at 15 dpi revealed that the extent of 3 0 end repair driven by TAV replicase is comparable to that of CMV since the repair process was extended up to 3 0 13 nt (Fig. 3C) .
It is important to note that the addition of nt involved in repairing QsatΔ7, QsatΔ9 and QsatΔ13 by CMV and TAV replicases is distinct (Fig. 6A ). For example, during the repair process of QsatΔ7, CMV-replicase is competent to add near wt sequence and differed by having a cytosine residue at position 7 (Fig. 6A) . By contrast, TAV replicase added only five heterologous nt of the seven deleted (Fig. 6A) . Such sequence variation was apparent during the 3 0 end repair of QsatΔ9 (30%) and QsatΔ13 (40%) as well (Fig. 6A) . Interestingly, although CMV and TAV replicases are distinct in the selection of added nt, in silico secondary structure analysis of TAV replication derived heterologous Qsat progeny (i.e. 30% of QsatΔ9 and 40% of QsatΔ13; Table 1 ) revealed extensive homogeneity to that of CMV (Fig. 6B-D) . Taken together, as hypothesized previously (Kwon et al., 2014) , it is apparent that only the progeny that retained the optimal 3 0 secondary structure would serve as templates for HVdependent replication.
Finally, the absence of any 3 0 end sequences of TAV genomic RNAs negates the possible involvement of recombination as a mechanism of 3 0 end repair. Since our agroconstructs are engineered to have a ribozyme at the 3 0 end, a remote possibility exists that following the ribozyme cleavage of Qsat transcripts, the 3 0 cleaved sequence could serve as a template for the HV replicase and get selected once a sequence closely resembling the Qsat sequence is assembled. However, we are not in favor of this possibility since HV-independent expression of Qsat mutants does not have any non-viral sequences. Therefore, we are in favor of supporting the repair mechanism proposed by Burgyan and Garcia-Arenal (1998) that involves template independent addition of nt by the HV replicase. In conclusion, the 3 0 end repair of Qsat by HV-dependent replicase, specifically the addition of 3 0 CCC OH is obligatory not only to promote the nuclear importation by a bromodomain containing host factor ) but also to add the HNM that is likely to play a critical role for HVdependent replication and survival of Qsat (Seo et al., 2013) .
Materials and methods
Virus strains used in this study
Throughout this study, we used the V strain of TAV (Shi et al., 1997b) and the Q strain of CMV (de Wispelaere and Rao, 2009 ). Unless otherwise mentioned, these two virus strains were maintained and propagated on N. benthamiana.
Construction of T-DNA based agrotransformants and agroinfiltration
To construct T-DNA based plasmids amenable for agroinfiltration, full-length cDNAs of all three TAV RNAs were amplified from pCass2T1, T2 and T3 (Shi et al., 1997b) by PCR and the following 3 0 kinased primers. cDNAs of TAV RNAs 1 and 2a were amplified using forward primer common (5 0 GTT TGT CTA TCA AGA GCG TAC GGT TCA ACC 3 0 ) and the 3 0 reverse primer (5 0 TGG GAC CCC TAG GGG GAA CC 3 0 ) while the cDNA of TAV RNA3 was amplified using a forward primer (5 0 GTT TAC CAA CCA ACC AAC CAC TAC TAT CTA TCT ATC TG 3 0 ) and a reverse primer (5 0 TGG GAC CCC TAG GGG GAC C 3 0 ). The resultant blunt ended PCR products were ligated into a StuI digested binary vector pCASS RZ (Annamalai and Rao, 2005) . The resulting plasmids of TAV (Fig. 1 ) contain in sequential order: double 35S promoters, cDNA complementary to full length STMV in either ( þ) or (À ) orientation, Rz sequence and a terminator. Growth conditions of agroplasmids transformed into Agrobacterium tumefaciens strain GV 3101 and infiltration of agrocultures at 0.5 OD 600 into N. benthamiana plants were as described previously (Annamalai and Rao, 2006) . The construction and characteristics of agrotransformants corresponding to three genomic RNAs of Q-CMV are described previously (de Wispelaere and Rao, 2009 ).
Progeny analysis and preparation of riboprobes specific for TAV RNA Procedures used to isolate total RNA from either agroinfiltrated or mechanically inoculated leaves were as described previously (Kwon et al., 2014) . Virions of TAV and CMV were purified from 15 days post agro-infiltration or mechanical inoculation leaves as described previously (Habili and Francki, 1974) and RNA was isolated by phenol-chloroform procedure (Kwon et al., 2014) . Northern blot analysis of total and virion RNA was as described previously (Annamalai and Rao, 2005) . To prepare strand specific riboprobes of TAV RNA, a sequence located between nt 2855 and 3061 of the genomic TAV RNA2 was amplified by PCR using a forward primer (5 0 ATCAAGCTTACGGCTAAAATGG 3 0 (HindIII site is underlined) and a reverse primer 5 0 CCGGAATTCGGACCCC-TAGGGGGAACC 3 0 (EcoR1 site is underlined). The resulting 207 nt PCR fragment was digested with HindIII and EcoR1 and subcloned into a similarly digested pT3T7 vector (Rao et al., 1989) . The resulting clone was referred to as pT7T3-TAV2. T7 RNA polymerase transcripts from HindIII-linearized pT7T3-TAV2 were used to specifically detect positive-strand TAV RNAs, whereas T3 RNA polymerase transcripts from EcoRI-linearized pT7T3-TAV2 were used to specifically detect negative-strand TAV RNAs. Preparation of riboprobes specific to detect CMV RNAs was as described previously (Choi et al., 2012) . For Western blot analysis of TAV CP, the procedure for the isolation of total proteins from leaf samples and detection of TAV CP using anti-TAV CP antibody was as described previously (Osman et al., 1997) .
For RT-PCR, total RNA isolated from N. bethamiana leaves infected with TAV and either wt QSat or a desired QSat mutant was subjected to poly-(A) tailing using Escherichia coli poly A polymerase according to the manufacturer's protocol (NEB). Following inactivation of poly A polymerase by heat (95 1C for 2-3 min), first strand cDNA was synthesized using a reverse primer (5 0 GGGAGGACACAGCCAACATTTTTTTTTTTTTTTTTTTTT3 0 ) and MMulV reverse transcriptase (NEB). The resulting product was subjected to PCR using QSat specific forward primer (5 0 GTTTTGTTTGTTGGAGAATTGCG3 0 ) and a reverse primer (5 0 GGGAGGACACAGCCAACATACGTA3 0 ) and Taq polymerase to create a final PCR product having a single 3 0 adenosine overhang). The resulting PCR product was gel purified and ligated into pGEMT vector (having thymine overhangs) as described by the manufacturer (Promega). The resulting clones were subjected sequencing using SP6 forward primer.
Electron microscopy
For electron microscopy analysis, approximately 10 ml (100 ng/ml) of the desired virion preparation was spread on glow-discharged carbon coated grid and negatively stained with 1% uranyl acetate prior to examining with an FEI Tecnai12 transmission electron microscope and images were recorded digitally (Annamalai and Rao, 2005) .
